44 45 are important determinants of AM fungal community structure, but stochastic processes like 53 dispersal can also influence AM fungal community structure and biogeographic patterns 54 (Chaudhary et al., 2008; Nielsen et al., 2016). Knowledge regarding AM fungal dispersal 55 mechanisms aids in the further incorporation of filamentous fungi into classic movement 56 ecology models (Bielčik et al., 2019). Furthermore, an improved understanding of AM fungal 57 dispersal, and how it may vary among species, improves our ability to manage mycorrhizal 58 symbioses in both natural and managed ecosystems (Hart et al., 2018) . For example, efforts to 59 restore native mycorrhizal populations in anthropogenically disturbed soils could theoretically 60 focus on species with limited dispersal capabilities, but such efforts require species-specific 61 data on AM fungal dispersal to inform predictions. 62 Trait-based approaches are increasingly being utilized in ecology to shift from 63 descriptive to predictive work (Messier et al., 2010). Spores, the primary reproductive 64 propagule for AM fungi, differ among species with respect to a suite of quantifiable 65 morphological traits (e.g. intrinsic properties) that likely influence movement and dispersal 66 capabilities. Arbuscular mycorrhizas notoriously form the largest single-cell fungal spores on 67 Earth, with some species measuring larger than 1 mm in diameter and visible to the naked eye 68 (Nicolson & Schenck, 1979). However, different species form spores up to two orders of 69 magnitude smaller and, for a comparatively species-poor group, interspecific variation in AM 70 fungal spore size is considerable (Aguilar-Trigueros et al., 2018). Because spore size, to an 71 extent, can be proportional to aerial dispersal predictors such as settling velocity (Kauserud et 72 al., 2008; Norros et al., 2014), it could be a useful trait for making predictions regarding AM 73 fungal dispersal. Other spore traits, such as surface ornamentation or color may also influence 74 AM fungal aerial dispersal; species-specific pits or projections in spore surfaces could affect 75 fluid drag (Roper et al., 2008) and differences in the degree of spore melanization could be 76 linked to stress tolerances such as UV radiation during aerial movement (Deveautour et al., 77 2019). Patterns in fungal traits observed in aerially dispersed AM fungi have the potential to 78 bring increased insight into predictions regarding which species or groups of species are more 79 likely to disperse by wind or long distances. 80 128 symbioses can vary as fungal communities shift, studying AM fungal dispersal in cities has 129
SUMMARY 24 • Dispersal is a key process driving local-scale community assembly and global-scale 25 biogeography of plant symbiotic arbuscular mycorrhizal (AM) fungal communities. A 26 trait-based approach could improve predictions regarding how AM fungal aerial 27 dispersal varies by species. 28 • We conducted month-long collections of aerial AM fungi for 12 consecutive months in 29 an urban mesic environment at heights of 20 m. We measured functional traits of all 30 collected spores and assessed aerial AM fungal community structure both 31 morphologically and with high-throughput sequencing. 32 • Large numbers of AM fungal spores were present in the air over the course of one year 33 and these spores were more likely to exhibit traits that facilitate dispersal. Aerial spores 34 were smaller than average for Glomeromycotinan fungi. Trait-based predictions indicate 35 that nearly 1/3 of described species from diverse genera demonstrate the potential for 36 aerial dispersal. Diversity of aerial AM fungi was relatively high (20 spore species and 17 37 virtual taxa) and both spore abundance and community structure shifted temporally. 38 • The prevalence of aerial dispersal in arbuscular mycorrhizas is perhaps greater than 39 previously indicated and a hypothesized model of AM fungal dispersal mechanisms is 40 presented. Anthropogenic soil impacts may initiate the dispersal of disturbance-41 tolerating AM fungal species and facilitate community homogenization. the presence of AM fungal propagules in aerial samples through direct measurements. 85 Propagules of AM fungi include asexual spores, hyphal fragments, and colonized root segments 86 (Tommerup & Abbott, 1981; Biermann & Linderman, 1983) . In laboratory tests using dry 87 elutriation, the process of separating particles by size using an upward air current, AM fungal 88 propagules and spores demonstrated the potential to remain suspended and travel aerially 89 large distances (Tommerup, 1982) . Large numbers of AM fungal spores were reported to be 90 present in the air, able to move distances up to 2 km, and disperse in a non-random fashion 91 associated with complex regional wind patterns (Warner et al., 1987; Allen et al., 1989) . In a 92 cross-biome study in North America, low numbers of AM fungal spores (10 min sampling 93 period) were documented in the air predominantly in arid ecosystems (Egan et al., 2014) . These 94 studies sampled air for periods of 10 min to 1 wk and uncovered very low fungal morphological 95 diversity. 96 Still, significant knowledge gaps remain regarding our understanding of AM fungal 97 dispersal (Bueno & Moora, 2019). Because the overwhelming majority of AM fungal species are 98 hypogeous (but see Daniels & Trappe, 1979) , their method for escaping the rhizosphere and 99 becoming airborne to enable dispersal at multiple spatial scales is unclear. Also, it is unknown 100 whether all AM fungal species disperse in a similar manner. This is important because 101 interspecies variation in dispersal capabilities could contribute to differences in AM fungal 102 community structure at local scales and biogeographic patterns at continent to global scales 103 (Davison et al., 2015) . Furthermore, comparatively little is known about temporal patterns in 104 AM fungal aerial dispersal. Temporal variation in dispersal is predicted because environmental 105 factors that could influence aerial fungal dispersal, such as wind speed, temperature, and 106 precipitation, also vary seasonally (Li & Kendrick, 1995) . Temporal variation in aerial AM fungal 107 dispersal is also predicted because of seasonal sporulation patterns that differ across species known regarding which AM fungal species are more likely to disperse aerially or be first 118 colonizers into disturbed soils (Hart et al., 2018) . Trait-based, predictive information regarding 119 AM fungal dispersal could improve our understanding of the stochastic mechanisms that drive 120 AM fungal biogeographical patterns and community assembly, as well as our ability to 121 effectively manage mycorrhizas in ecosystems. 122 In this study, to examine trait-based AM fungal aerial dispersal, we assessed aerial AM 123 fungal spore abundance, spore functional traits, and aerial AM fungal community structure (via 124 both morphological and sequence-based methods) by collecting aerial samples from a mesic 125 urban environment over the course of one year. Little is known about AM symbioses in urban 126 ecosystems, including how dispersal and passive reestablishment of propagules into degraded 127 urban areas might shape AM fungal community structure; because the outcome of AM their hosts (Gemma et al., 1989; Pringle & Bever, 2002) and temporal variation in 139 meteorological factors (e.g. wind speed, temperature). Finally, we predict low overall AM fungal 140 diversity in aerial samples regardless of differences in observed aerial species depending on the 141 detection method (spore morphology versus sequence-based) due to different types of AM 142 fungal propagules (e.g. spores, hyphae) present in aerial samples (Hypothesis 3). 143 
144

MATERIALS AND METHODS
145
Study Design -To examine trait-based AM fungal aerial dispersal, we conducted passive, 146 isokinetic air sampling in the field for 12 consecutive months. Multiple BSNE dust collectors 147 ( Figure S1 ) were placed on a 20 m rooftop in a highly urbanized (population density 148 ~8,000/km 2 ) location in Chicago, USA (41.88°N, 87.63°W). Named after the first successful 149 prototype "Big Springs Number Eight", BSNE dust collectors require no external power, can 150 withstand extreme conditions, and isokinetically maintain sampling efficiency (Fryrear, 1986) . A 151 rotating weather vane keeps the collector oriented windward, and as air flows into the 152 collection chamber, velocity slows, causing particles to drop into a collecting pan. We affixed 153 metal covers to each chamber to keep collected material dry and prevent rain from entering 154 chambers through the air outflow mesh. Previous field collections of aerial AM fungi have 155 primarily used active filtration samplers that collect air samples for 2 hours; BSNE samplers 156 allow for sampling periods of weeks or even months and have demonstrated success in 157 aerobiological research (Johnson et al., 2019) . In our study, samples were collected after a 158 period of 30 days. The direction of prevailing winds at the study site fluctuates seasonally with 159 west/northwest winds in the winter, northeast winds in the spring, southwest/south winds in 160 the summer and fall (IL Climate). The local climate is characterized as mesic temperate with 161 cold windy winters and hot, humid summers (Hayhoe et al., 2010) . 162 BSNE samplers were deployed in the field in January 2017 and contents were collected 163 monthly for laboratory analyses for 12 consecutive months. After the contents of each chamber 164 were collected, chambers were thoroughly cleaned with ethanol prior to redeployment. Initially 165 3 BSNE collectors were deployed, but after 4 months, to boost replication, an additional 3 dust 166 collectors were added to the study such that for January-April n=3, and for May-December n=6 167 resulting in 60 total observations ((4 months x 3 chambers) + (8 months x 6 chambers)). To 168 explore meteorological predictors for aerial AM fungal dispersal, data on monthly maximum 169 wind speed, average temperature, total precipitation, and maximum soil temperature for the 170 year of 2017 were obtained from the Illinois Climate Network Water and Atmospheric Bioinformatical analyses -From the sequencing run, a total of 1,020,046 sequences 229 were generated from aerial samples. In addition to these sequences from aerial samples, we 230 included 5,137,832 sequences during bioinformatic processing from two additional experiments 231 that amplified AM fungal DNA from soil. These additional sequences were included because 1) 232 amplicon libraries were generated using the same protocols as the present study, 2) they were 233 sequenced on the same run as aerial samples, and 3) concurrent processing enabled a more 234 robust estimation of sequencing error rates and more precise and reliable inference of ). ASVs were inferred on a global basis and sequences were merged. After chimera 244 removal, we obtained 73,239 sequences assigned to 172 different ASVs. 245 The majority of aerial sequences (86%) were not successfully merged. Usually, this 246 signifies issues with either the bioinformatics pipeline or the quality of sequences generated 247 from the run. However, the same pattern was not observed in the sequences that were 248 included from the other experiments where roughly 11% of sequences did not merge. Because (Hervé, 2017) . 295 Regarding molecular data, ASVs represented by only one read were kept only if i) they 296 were also present in the bigger dataset and ii) they were not the only read assigned to their 297 corresponding VT. In this way we kept 48 ASVs for further analysis. We aggregated samples by 298 season and transformed sequence data into a presence/absence matrix. For the graphical 299 representation of these data we used the package "ComplexHeatmap" (Gu et al., 2016) . We 
RESULTS
308
Aerial AM fungal traits 309 Over the course of one year, 47,162 total AM fungal spores were captured in aerial 310 samplers (mean = 786/month ±782.9sd) at a height of 20 m in a highly urbanized, mesic 311 environment. Aerial AM fungal spore traits varied substantially, with sizes ranging from 25 µm to 400 µm in diameter, melanization ranging from colorless to black, and the presence of both 313 smooth and ornamented surfaces ( Figure 1A, 2A ). However, the overwhelming majority of 314 aerial AM fungal spores were small, with a diameter of 70 µm or less (mean = 46 µm ± 19.0sd) 315 and lacking in any surface ornamentation. These small, smooth spores varied with respect to 316 melanization, with spores exhibiting three main colors: hyaline, orange, and black ( Figure 1A Figure 2C ). Furthermore, remote sensing data indicate that, in 2017, 348 windward vegetation reached peak senescence primarily prior to the 42 nd week of the year, or 349 early October ( Figure 2C) . 350 In addition to temporal patterns in overall spore abundance, the six most dominant 351 morphospecies also exhibited unique patterns with respect to when they were predominantly 352 present in the air. In the year in which we sampled, Archaeospora trappei spores were primarily 353 observed in August and Glomus microcarpum spores gradually increased to exhibit peak Figure S3 ). Species richness of aerial AM fungal spores did not differ 364 significantly between months or seasons (data not shown), but spore community structure, 365 accounting for both species identity and relative abundance of spores, shifted strongly between 366 seasons ( Figure 4A ). Community structure of aerial AM fungi differed significantly by season 367 (MRPP: p=0.001, A = 0.2498) and pairwise analyses showed statistical differences among all 368 seasons (Table S1) , with the most stark change occurring from fall to spring.
Over the course of one year, a total of 48 AM fungal ASVs were detected across all aerial 370 samples. These ASVs matched 17 different VT belonging to five genera including 371 Claroideoglomus, Diversispora, Glomus, Paraglomus, and Scutellospora (Table 2 ). Three genera 372 that were observed using DNA-based methods -Claroideoglomus, Diversispora and Glomus -373 were also detected using spore morphology. Low amounts of AM fungal DNA in certain samples 374 and sampling months led to variable amplification and sequencing depth ( Figure S2 ), which 375 precluded analyses of VT temporal patterns by month. However, pooling ASVs and VT by 376 season allowed for qualitative presence or absence comparisons across sampling seasons 377 ( Figure 5 ). 378 The number of distinct VT was highest in the fall (11 VT), followed by spring (10 VT) and 379 summer and winter (8 VT each) ( Figure 4B ). In the rarefied data however, summer exhibits the 380 greatest diversity (8 VT), followed by fall (6 VT), winter (5 VT) and spring (4 VT). At the ASV level 381 we observed the same trend with richness highest in fall (26 ASVs), followed by spring (19 382 ASVs), summer (14 ASVs) and winter (12 ASVs) ( Figure 4C ). In the rarefied data, fall shares the 383 greatest ASV diversity with summer (14 ASVs each), followed by spring (7 ASVs) and winter (5 This study provides evidence for a potential mechanism of the passive reestablishment 539 and graduate increase in abundance of arbuscular mycorrhizas in a highly urbanized 
